A simulation model of skidding and loading functions of a tree length logging system was designed and constructed. The model was used to evaluate the effect of the distribution of bundle distances and the order in which they were pulled to the logging deck on total productivity. Not surprisingly, mean bundle distance was found to be the most influential factor in determining productivity. The sequence of pull assignments had a significant, but smaller, effect on production rate. The effect of assignment sequence was most pronounced when either the loader work rate was limiting or when mean skid distance was lower. The results indicated that the distribution of bundles across a site could change overall productivity to an extent large enough to be accounted for when conducting harvest planning.
Introduction
Many studies have demonstrated the effects of site conditions on forest harvesting efficiency. Factors such as slope, soil moisture, and, most significantly, tree size have been shown to alter logging system productivity across a broad spectrum of machine types. The impacts of other site factors, however, have not been researched to the same degree because of the difficulty in controlling experimental design. One such factor receiving relatively less attention is the spatial distribution of trees across a site, which can affect felling productivity directly or system efficiency indirectly by influencing skidding operations.
Skidding functions are influenced by spatial distribution of trees in several, interacting ways. The most obvious effect is the dispersal pattern of tree bundles across a site and what set of criteria are used to decide order of retrieval. Dispersal pattern can affect skidding distance distribution, raising or lowering the mean skid distance for a particular site. When there are multiple skidders working on a site, unfavorable dispersal and retrieval patterns can lead to skid trail choke points that cause delays. If operation of skidders is not coordinated, further delays are possible if skidders arrive simultaneously at log decks or delimbing gates. Finally, if the pattern of bundle retrieval does not consider status of the log deck space can become overfilled with trees, leading to skidder delays while waiting for room to clear. Current wisdom is that there are effects of bundle distance distribution that alter skidder (and loader) efficiency, but there has been little research to quantify the degree of impact. Field research on this subject is not easy to perform because of the amount of work required and the difficulty in setting up the necessary experiments. This study was initiated to begin the development of a logging system simulation that could be used to examine the effects of bundle distance distribution on logging productivity.
Objectives of the study were to develop a simple model of skidder and loader interaction and implement it using a simulation system, examine the effect of tree bundle distance distributions on overall system efficiency, and evaluate alternative schemes for sequencing bundle selection and their influence on system efficiency.
Experimental Methods
Work activities of a typical small tree-length harvesting system were simulated using the AnyLogic 4.0 software package. The development system uses conceptual objects to define classes of entities within systems, and each object's behavior is described through a 'statechart' mechanism. Additional object functionality can be built in using the Java programming language. Figure 1 shows an example of an AnyLogic object, along with the statechart defining its behavior. The object is defined as a 'Skidder', and contains three types of components: a) variables, denoted as circles; b) ports through which are passed messages to external objects, marked as squares on the object perimeter; and c) the statechart itself, labeled 'SkidCycle' in the figure. The statechart contains states, shown as elongated ovals, and transitions between states indicated by lines with arrows. The modeling system provides flexible methods for triggering state transitions, including changes in both discrete and continuous variables. The AnyLogic simulation environment is perhaps applied best in modeling hybrid continuous/discrete systems. Figure 1 . Example of an object definition from the AnyLogic simulation system. The object is defined as a 'Skidder', with the picture on the left representing the object instance, and on the right the statechart that implements the object's behavior over time.
The logging simulation model was constructed from generic 'Loader' and 'Skidder' objects. A loader processed trees carried to its deck by skidders. Trees were processed individually (pick up, delimb, and stack), and time to process a given tree was defined as a normally distributed random variable with fixed mean and standard deviation. The distribution was further restricted using upper and lower limits on the time to process an individual tree to prevent negative or unrealistically long events. For the simulations presented in this study, it was assumed that every tree took at least 6 seconds to process, but not more than 1.5 minutes. The loader was assumed to be continuously processing stems, and did not pause to load trucks. A skidder continuously cycled trees from the simulated stand to the loader deck. The cycle included travel empty, grappling, and travel loaded portions. Grappling time was triangularly distributed with range 0.5 to 5.5 minutes, with peak at 1.5 minutes. Travel empty and loaded times were fixed from the bundle assigned to the skidder to retrieve. Bundle assignments came from another entity called the 'Dispatcher'. Each assigned bundle had a one-way travel duration associated with it. Travel time was further randomized at the time of bundle assignment by including a uniformly distributed 'fuzz' factor of ± 10 percent of the indicated duration. Once the skidder reached the loader deck, it either entered the deck to drop its bundle of stems, or waited for the deck to clear. The deck was considered clear if there were less than a fixed number of stems remaining for the loader to process. The limiting number of stems was set at the beginning of the simulations at 25 and did not vary. The loader was not allowed to begin processing another tree until any skidder on the deck was finished ungrappling its bundle, a process that was assumed to be a triangularly distributed random variable with range 0.15 to 0.25 minutes.
The dispatcher object received messages from skidders as they completed a work cycle and returned a message assigning the next bundle. Assignments were made using one of three algorithms: a) always pick the bundle closest to the deck; b) assign a random bundle; or c) pick a bundle based on knowledge of the loader and skidder states -termed 'informed' assignment -using the following rules:
1. If this skidder can retrieve the closest remaining bundle before the next skidder is due to arrive, and the deck will not be overloaded, assign the closest bundle. 2. Estimate the time when the number of stems on the deck will be less than the maximum capacity, factoring in the arrival of the next skidder. Pick the bundle that, if assigned to this skidder, will be returned closest to that time, but not before. 3. If no bundle matches the previous criterion, pick the bundle furthest away.
This algorithm was very simple and did not make use of a great deal of information. In particular, it did not project the status of the loader beyond the next arriving skidder when assigning bundles. For our initial tests, this was felt to be sufficient since we were not intending to simulate more than two skidders. Further refinement of the algorithm will be needed, however, to accommodate more complicated logging scenarios.
An object termed the 'Logging System' was defined to contain instances of skidders, loaders, and the dispatcher. This object was used to assign initial states to each of the subentities, collect statistics on system performance, and control the simulation process. As the simulation was started, the logging system object first checked how bundle distances were to be assigned. Two methods were allowed: a) assign them from a list kept in an external file, or b) sample bundle distances from a pre-defined distribution. For the results presented in this paper, only the latter method (sampled distribution) was used. A total of seven bundle distributions were tested: 1) F-distribution with parameters: ν 1 = 5.0, ν 2 = 10.0, and multiplicative factor λ = 6.0 2) same as above with λ = 9.0 3) F-distribution with ν 1 = 50.0, ν 2 = 20.0, λ = 6.0 4) same as above with λ = 9.0 5) Weibull distribution with parameters µ = 10.0, a = 3.5 6) bi-modal normally distributed with µ 1 = 3.0, µ 2 = 9.0, and σ = 2.0 7) uniformly distributed, range 0.5-15.0.
The λ factor in the F distributions was used to scale the sampled distance, d = F(ν 1, ν 2 ) ⋅ λ. For all distributions, there were limits imposed on the distance to prevent improbable turn times: all bundle distances were greater than 0.5 minutes, and less than 22.0 minutes. Figure 2 shows representative samples of the distribution of bundle distances for each random variable used in the simulations. Experiments consisted of ten simulation runs for each distance distribution/assignment method combination. For all simulations, the logging system was composed of a single loader supplied by two skidders. For each run, a total of 1000 bundles were skidded to the deck. Bundles were assigned a number of stems that was uniformly distributed between 3 and 15. The experiment was repeated with different loader per-stem processing time distributions. In both cases, the times were normally distributed, with 1) µ = 0.58 minutes / stem, σ = 0.1 minutes; 2) µ = 0.85 minutes / stem, σ = 0.25 minutes It is important to note that the simulation model at least conceptually resembled a realistic logging system, but that the parameters used in the experiments were selected for consistency in the behavior of the model, not utter realism. No effort was made to verify the model against field-collected data. Table 1 lists means and standard deviations of the bundle distance distributions. Although the distances were nominally based on a specific distribution, the constraints imposed (minimum and maximum allowable values) affected the mean and variance of the simulated distances. The parameters for the F-distributions affected the variance of the distance distribution, with the larger values (i.e. F(50,20)) resulting in smaller overall spread in the distribution. Variance of the Weibull and bi-modal Normal distributions were similar to those for the F(50,20) and the Uniform distribution had similar variance to the F(10,5). This occurred because the range of the F distributions was higher (0.5-22 minutes) versus the uniformly distributed case. The primary measure used to evaluate performance of the logging system was average total time to skid and process 10 replications times 1000 bundles per replicate. Figures 3  and 4 show plots of total processing time as a function of mean skidding distance for the low (0.58 minutes/stem) and high (0.85 minutes/stem) average loader processing time values, respectively. The data were grouped by assignment method in each plot. From the results in Figure 3 , it was evident that average skid distance was the most influential factor affecting total system productivity. There was some difference by bundle assignment method, with the 'Shortest' selection having slightly longer total processing time compared to the other two methods. The difference was more pronounced for lower mean bundle distance. There was essentially no difference in the processing times between the 'Random' and 'Informed' assignment methods.
Results and Discussion
These results were consistent with the logging system being limited by skidder capacity. When the loader could keep up with the flow of stems, delays in the system were most likely to occur when there were simultaneous arrivals of the two skidders at the deck. This should have been a relatively rare occurrence for the 'Random' and 'Informed' assignment methods. Although the chances of a simultaneous arrival were higher for the 'Shortest' method, it was not high enough on average to cause large overall delays. The probability of two skidders arriving at the same time should also have been smaller for longer skid distances. This was seen in the result that the 'Shortest' assignment method matched the performance of the other two for mean skid distances higher than 9 minutes. The results were somewhat different for the longer average per stem processing time (Figure 4) . In that case, there was little excess loader capacity and the bundle assignment method influenced system performance to a greater extent. For the distribution having the longest average skid distance (F(50.0,20.0) , λ = 9.0), there was no difference in total processing time between assignment methods. For all other distributions, the 'Shortest' assignment method required significantly longer to complete processing. For mean skid distances less than 8.0 minutes, the 'Informed' method slightly outperformed the 'Random' approach, a performance edge that was greater for shorter average skid distance.
One interesting result was that the difference in performance between the 'Shortest' and the other two assignment methods was small when the variance of the bundle distance distributions was lower (F(50.0,20.0), λ = 6.0 and Weibull µ = 10.0, a = 3.5). This suggested that, for a given bundle distance distribution, greater variability in bundle distances over a stand would favor informed bundle assignment to balance system productivity when some part of the processing chain (in this case the loader) was limiting.
Results for the total processing time were closely mirrored when evaluating the effects of treatment variables on loader idle time ( Figure 5 ). There was a linear relationship between the response variable (idle time) and mean skid distance. Slope of the line was related to the bundle assignment method, and intercept to the loader processing speed, or t = a i ·d + b k , where t was idle time, a i was slope of the line for assignment method i, and b k was intercept for loader processing speed level k. This model was fit to the data shown in Figure 5 and was highly significant (P < 0.0001), with R 2 higher than 0.96. Slope was significantly related to assignment method, with 'Random' and 'Informed' being statistically equal, and both lower than the 'Shortest' method. Results from this preliminary investigation showed a possible relationship between the order in which bundles were delivered to a central deck for processing and logging system productivity. The existence of a relationship supported the idea that there might be an optimal ordering of bundle deliveries to maximize system productivity for a particular set of conditions. This would imply that a given machinery system could be adapted to a site using strictly information gathered on bundle locations. Such an optimizing system could form one component of an autonomous skidder, or provide human operators feedback on how to modify their bundle selection procedures to increase productivity.
This simulation implemented many simplifying assumptions that could have impacted the results. Bundle distances were selected from a random distribution, but no effort was made to verify them against realistic distributions found on logging sites. No skidder interaction was modeled away from the deck, although machines could have been delayed because of congestion on particular skid trails. No consideration of terrain or obstacles was included, which could have significantly affected skidder productivity. Further work is needed to test the validity of these results and develop feasible systems for implementing any bundle assignment algorithms produced. 
